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ELASTIC  CONSTANTS  OF  FLUORIDES 
OF  GROUPS  IA  AND  IIA 

By  K.C.  Crouch,  R.B.  Rayment,  and  G.W.  Marks 


PROBLEM 

Determine  the  elastic  constants  of  lithium  fluoride,  sodium  fluoride, 
calcium  fluoride,  strontium  fluoride,  and  barium  fluoride  from  room  temperature 
to  liquid-nitrogen  temperatures. 


RESULTS 


1.  Adiabatic  elastic  constants  of  the  above-listed  cubic  crystals  were 
determined  over  the  stated  temperature  range. 

2.  Elastic-anisotropy  factors,  adiabatic  compressibilities,  and  thermo- 
elastances  were  evaluated  from  the  elastic-constant  data. 

3.  Results  were  compared  with  those  of  other  investigators.  Some 
conclusions  were  drawn  concerning  the  mechanical  data  and  structure. 

O 


RECOMMENDATION 


1.  Determine  the  elastic  constants  of  certain  crystals  from  liquid-helium 
temperatures  up  to  the  melting  point,  at  atmospheric  and  higher  pressures.  Apply 
modem  theoretical  developments  to  the  interpretation  of  the  results. 
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INTRODUCTION 


Knowledge  of  the  mechanical  properties  of  solids  is  important  not  only 
because  of  possible  application  to  engineering  problems  but  also  because  of  their 
intrinsic  interest.  The  variation  of  the  clastic  constants  of  crystals  with 
temperature  and  pressure,  when  correlated  with  other  physical  properties,  yields 
an  insight  into  the  nature  of  ionic,  atomic,  and  molecular  binding  forces.  After 
comparison  of  experimental  values  with  those  calculated  theoretically,  a  critical 
examination  of  underlying  assumptions  on  which  the  theory  was  founded  can  be 
made. 

For  reviews  of  older  work  on  theory,  experimental  methods,  and  results, 
the  reader  is  referred  to  Bergman*  and  to  Huntington.* 

In  recent  years,  a  large  number  of  investigations  have  been  made  concern¬ 
ing  the  physical  properties  of  the  alkali  mid  alkaline-earth  halides.  This  extensive 
investigation  rests  on  the  facts  that  good  crystals  of  all  or  nearly  all  these  com¬ 
pounds  can  be  grown,  they  are  cubic  and  of  simple  ionic  arrangement,  and  they 
have  only  three  elastic  constants.  In  general,  it  is  easier  to  interpret  results  and 
apply  theory  to  these  groups  of  crystals  than  to  others  of  more  complex  structure 
or  of  lower  symmetry. 

Determinations  of  clastic  constants  at  room  temperature  and  at  lower 
temperatures  have  been  made  for  many  of  those  halides.  Not  much  work  at  higher 
temperatures  has  been  done,  largely  because  of  experimental  difficulties.  Data 
are  needed  from  0°K  to  the  melting  points,  at  atmospheric  and  at  higher  pressures. 

In  this  study  the  elastances  of  the  fluorides  LiF,  NaF,  CaFj,  SrF*.  and 
BaFj  were  determined  from  liquid-nitrogen  temperatures  to  ambient  temperature 
by  means  of  the  pulse-echo  technique  for  the  measurement  of  sound  velocity.  For 
initial  comparison,  values  of  the  constants  c,„  cl2,  and  c,4  for  these  five  fluorides, 
as  presented  by  various  investigators,  are  given  in  table  1.  References  are  listed 
in  the  fifth  column  of  this  table.  Some  of  our  results  are  a  little  lower  than  those 
of  others,  for  which  we  have  no  adequate  explanation. 


TAEL*'  1.  COMPARISON  OF  MEASURED  VALUES  OF  ELASTIC  CONSTANTS 
AT  ROOM  TEMPERATURE  (Continued  on  page  0). 


Elastic  Constants.  10"  dynes/cm1 


Crystal 


Lit 


f'u 

<;  74 

4.04 

5.54 

11.1 

4.58 

5.42 

11.77 

4.33 

0.28 

11.335 

4.70 

0.35 

10.80 

3.724 

0.28 

Source* 


3 

4 

5 
(i 

this  work 


•See  REFERENCES. 
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TABLE  1  (Continued). 


Crystal 

Elastic  Constants,  10”  dynes/cm1 

Source* 

l  c 

Cll 

i 

C44 

NaF 

9.70 

2.56 

2.80 

7 

9.70 

2.43 

2.81 

6 

9.70 

2.38 

2.822 

8 

9.33 

2.105 

2.840 

this  work 

CaFj 

5.02 

3.47 

5 

4.47 

3.38 

9 

16.4 

5.3 

3.370 

10 

16.357 

4.401 

3.392 

11 

16.494 

4.462 

3.380 

12 

16.12 

3.948 

3.251 

this  work 

SrF, 

4.305 

3.128 

13 

4.298 

2.993 

this  work 

BaFj 

8.915 

4.002 

t 

2.535 

14 

9.01 

4.03 

2.49 

7 

9.122 

4.148 

2.551 

11 

8.85 

4.112 

2.498 

this  work 

♦See  REFERENCES. 


THEORY 

Sound  Velocities 

For  an  isometric  crystal,  sound  velocities,  elastic  constants,  and  density 
are  related  as  follows:” 

1.  Sound  propagation  is  in  the  [100]  direction: 

PV  =  c„  (1) 

pr/=  pc,*  =  c„  (2) 
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v,  is  the  velocity  of  the  longitudinally  polarized  wave,  vt  and  i>,  are  the 
velocities  of  the  shear  waves,  c,.-  are  the  elastic  constants,  and  p  is  the  density 
of  the  crystal.  The  particle  displacement  for  the  transverse  waves  can  be  in  any 
direction  lying  in  the  plane  perpendicular  to  the  direction  of  travel  of  the  wave. 

2.  Sound  propagation  is  in  the  [110]  direction: 

pu,2  =  Vt  (c„  +  c„)  +  c44  (3) 

pu,2  =  Vt  (c„  -  c„)  (4) 


and 


\ 


pu,J  =  c44  (5) 

The  particle  displacement  for  v2  is  in  the  plane  of  the  (110)  face;  that  is, 
the  wave  is  polarized  parallel  to  the  [110]  direction.  The  particle  displacement 
for  vt  is  perpendicular  to  the  (110)  face;  that  is,  the  wave  is  polarized  parallel  to 
the  [001]  direction. 

3.  Sound  propagation  is  in  the  [111]  direction: 

pu,1  =  */,  (cu  +  2c, ,  +  4c„)  (6) 


and 


pVj2  —  pu,1  *  l/2  fc„  —  c„  +  c44)  (7) 

Again  the  particle  displacement  for  the  transverse  waves  can  be  in  any  direction 
lying  in  the  plane  perpendicular  to  the  direction  of  travel  of  the  wave. 

It  is  observed  from  these  equations  that  "i  least  three  sound-velocity 
measurements  must  be  made  on  an  isometric  crystal  to  determine  the  elastic 
constants. 

The  condition  that  a  material  be  elastically  isotropic  is  that2-** 

c„  —  c„  =  2c44  (8) 

so  that  2c44/(c„-c„)  is  equal  to  unity.  The  anisotropy  factor  A,  which  expresses 
the  deviation  from  unity  of  a  cubic  crystal,  is  then  given  by 

A  =  2  c^/fc,,  -  c„)  (9) 

This  is  the  square  of  the  ratio  of  velocities  of  shear  waves  propagating  in  the  [100] 
and  [110]  directions. 

c'  and  c"  are  defined  hy  the  relationships: 


c'  =  (ctl  c„  -  2c44)/2 
c"  =  (clx  -  c„)/2 


(10) 


(11) 
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The  adiabatic  compressibility  is  given  by 

=  3/ fcu  +  2cu) 


(12) 


Atomic  Arrangement 

Wc  briefly  review  the  structure  of  the  fluorides  studied  in  this  investiga¬ 
tion.17  Some  pertinent  data  are  given  in  table  2.  LiP  and  NaF  have  the  sodium 
chloride  type  of  ionic  arrangement  whereas  CaF,.  SrF,,  and  BaF,  have  the 
fluorite  structure.  In  the  NaCl  type  there  are  eight  cation-anion  contacts  per 
stoichiometric  molecule  and  vice  versa;  in  the  fluorite  type,  however,  each  cation 
is  surrounded  by  eight  anions  at  the  corners  of  an  enclosing  cube,  whereas  an 
anion  is  at  the  center  of  a  regular  tetrahedron  of  cations.  In  the  [100]  and  [110] 
directions  in  LiF  and  NaF,  planes  ure  populated  with  both  anions  and  cations. 
For  the  other  fluorides,  planes  of  anions  and  cations  alternate  in  the  [100] 
direction  whereas  in  the  [110]  direction  the  planes  are  populated  with  both  anions 
and  cations.  There  ate  alternate  layers  of  cations  only  and  anions  only  in  the 
[111]  direction  for  both  types  of  atomic  arrangement. 


TABLE  2.  STRUCTURAL  DATA  FOR  CERTAIN  FLUORIDES 
OF  CRYSTAL  CLASS  0h‘. 


Ionic  Radii,  angstroms 

Li* 

Na+ 

Ca’  + 

Sr++ 

Ba++ 

F* 

0.60 

0.95 

0.99 

1.13 

1.35 

1.36 

Radius  Ratio 

Li+/F“ 

Na$T- 

Ca++/F" 

St*/F- 

Ba++/F' 

0.441 

0.699 

0.728 

0.831 

0.993 

Iriterionic  Distance,  angstroms 

LiF 

NaF 

CaF, 

SrF, 

Bap, 

2.009 

2.307 

2.36 

2.50 

2.68 

Li+  has  a  very  small  ionic  radius  (table  2);  this  leads  to  marked  differences  in  the 
properties  of  Li  compounds  from  those  of  the  other  alkali  metals  of  the  same 
structure  type.  Because  of  the  small  radius  ratio  in  LiF  each  anion  approaches 
contact  not  only  with  the  Li+  ions  but  also  with  other  anions.  This  causes  the 
repulsive  forces  to  be  larger  than  they  would  be  for  either  anion-cation  or  anion- 
anion  contact  alone.  Thus  equilibrium  is  established  with  a  cation-anion  distance 
larger  than  twice  the  radius  of  the  anion.  In  view  of  the  above  we  can  expect  the 
elastic  properties  of  UiF  to  be  quite  different  from  those  of  NaF,  and  this  is 
found  to  be  the  case. 


EXPERIMENTAL  PROCEDURE 


For  the  experimental  determination  of  sotmd  velocities  in  the  fluoride 
crystals,  the  pulse-echo  method  described  by  Redin  was  employed.'*  However, 
it  was  necessary  to  make  some  modifications  in  instrument  settings  and  procedure. 
These  are  given  in  the  appendix.  Briefly  the  method  consists  in  propagating  a 
short  pulse  of  sound,  generated  by  a  piezoelectric  transducer  down  a  cylindrical 
crystal  specimen  of  known  orientation.  Either  the  generating  transducer  or  a 
receiver  on  the  opposite  end  of  the  specimen  picks  up  the  reflected  waves,  which 
are  then  observed  on  a  cathode-ray  oscilloscope.  Thus  the  transit  time  of  the 
pulse  can  be  determined. 

Reagent- padc  crystals  of  the  fluorides  for  this  investigation  were  obtained 
commercially.*  Requirements  were  that  they  be  single  crystals  machined  to  right- 
circular  cylinders  coaxial  with  a  specified  crystallographic  direction  to  within  *2°. 
These  directions  were  (100],  (110],  and  [111].  Lengths  of  crystals  were  Vz.  and 
1  inch,  and  diaawters  were  !i  and  *;  inch.  The  end  surfaces  of  each  crystal  were 
rendered  plane-parallel  to  within  1  mil.  Crystals  were  stored  over  a  desiccant 
when  not  in  use. 

Each  crystal  was  checked  for  coincidence  of  the  cylinder  axis  with  the 
specified  crystallographic  direction  by  the  Laue  back-reflection  technique  prior 
to  sound-velocity  aKasurements.1*1’*  Ail  crystals,  including  those  which  bad 
requited  reorientation  by  machining  of  the  end  faces,  were  annealed  for  24  hours 
at  -i(K)°C  before  sound-velocity  BKasureaeots  were  made. 

Transducers  and  receivers  were  Ix-inch-diaaKter  X-cut  and  Y-cul  quartz 
crystals,  gold-plated  over  chromium  plate  on  both  faces,  mid  had  a  fundamental 
resonance  frequency  of  10  MHz  within  *1  percent.  These  were  also  purchased 
commercially.** 

The  spechaen  holder  for  sound-velocity  measurements  from  liquid-nitrogen 
temperatures  to  room  lemperatwe  has  been  described.2*  la  this  holder  the  crystal 
is  coaqrietely  enclosed,  so  that  the  sample  is  protected  from  condensed  moisture 
and  ice.  Plating  of  the  cylindrical  wall  of  the  crystal  was  unnecessary,  since  a 
grounded  silver  sleeve  provided  sufficient  shielding. 

For  measurement  of  low  temperatwes.  copper-coasUntan  thermocouples 
referenced  at  the  ice  point  <0°C)  and  calibrated  at  the  boiling  point  of  liquid 
nitrogen  (77.4°K)  were  used. 

Further  details  concerning  the  expcrunental  procedures  are  given  in 
the  appendix. 


*llarshaw  Chemical  Company.  Cleveland.  Ohio,  and  Valpey  Corporation.  Newport  Beach. 
California 

••Valpoy  Corporation.  Newport  Beach.  California 


RESULTS  AND  DISCUSSION 


Elastic  Constants 

Measured  values  of  sound  velocity  versus  temperature  for  the  fluoride 
crystals  investigated  are  depicted  in  figures  1  to  5.  Direction  of  propagation 
and  wave  type  are  given  in  the  captions.  The  velocity  of  the  longitudinal  wave 
is  always  higher  than  that  of  the  corresponding  shear  wave.  Insofar  as  can  be 
determined  from  the  experimental  data,  the  relationship  between  velocity  and 
temperature  is  a  linear  one,  the  velocity  declining  with  temperature  rise  (density 
decrease). 

Values  of  the  thermal  expansion  a  (T)  as  a  function  of  temperature,  which 
are  required  in  correcting  for  changes  in  path  length  and  density  between  90°  and 
300°K,  are  given  by  Riano  for  LiF  and  NaF.”  Values  for  CaF2  were  obtained 
from  the  International  Gritical  Tables.”  Since  the  room-temperature  values  of 
a  (T)  for  SrFj  and  BaF2  differ  from  the  value  for  CaF2  by  3  and  10  percent, 
iespectively,  and  since  the  trio  have  the  same  crystal  structure,  it  was  assumed 


Figure  1.  Vnrintion  of  sound  velocities  with  tempernturo  in 
lithium  fluoride  (LiF):  <A>[110]  longitudinal.  (B)[l00] 
longil  •dinnl.  und  <C)(l00]  shear  waves. 


that  the  temperature  dependence  of  a(T)  is  the  same;  that  is,  the  a(T)  versus  T 
curves  are  parallel.  The  expansion  coefficients  for  SrF,  and  BaFj  were  then 
computed  from  those  of  CaF,  b.v  multiplying  the  latter  by  the  ratio  of  the  room- 
temperature  values  for  the  two  crystals. 

Densities  of  LiF  ami  NaF  at  0°,  -79°,  and  ~184°C  were  determined  by 
Henglein.”  Densities  of  representative  crystals  used  in  this  work  were  measured 
at  room  temperature.  Since  densities  at  room  temperature  were  known  and  the 
expansion  coefficients  had  been  estimated  for  lower  temperatures,  the  densities 
were  then  calculated  for  these  same  temperatures.  Such  a  procedure  was  suffi¬ 
ciently  accurate  for  this  investigation. 


TKMPKRATURB.  DKCRKKS  K 


Kigure  2.  Vnrintion  of  sound  velooit ios  with  temperature 
in  sodium  fluoride  (NnKI:  (A)[l()0]  longitudinal. <B)  (ill] 
longitudinal,  nnd  (Cl  [ill]  shear  waves. 
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Figure  5.  Variiilion  of  sound  velocities  with  temperature  in 
barium  fluoride  (Mal',1.  < A*  (ill)  longitudinal.  (B)  [  1 00 1 
longitudinal,  and  <C> I I00J  shear  waves. 


Rlastanees  wore  computed  by  use  of  equations  (1)  to  (7). velocities  having 
been  taken  from  the  smoothed  curves  of  figures  1  to Data  tire  presented  in 
table  .‘I  and  plotted  in  figures  6  to  10.  Most  of  the  curves  are  nonlinear.  All 
decline  with  rise  in  temperature  except  the  ru  curve  for  NaK.  which  rise's. 


TEMPERATURE.  DEGREES  K 


Figure  7.  Temperature  dependence  of  the  elastic 
constants  «•„.  «•„,  and  c„  of  sodium  fluoride  <XaF). 
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16.5 
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Figure  8.  rpBperoturt  dependence  of  the  elastic  con»foi.t* 
r„.  r,..  an]  cM  of  calciua  fluoride  (C.tF,1. 
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Figure  10.  Temperature  dependence  of  the  elastic  constants 
c,,,  c„,  and  of  barium  fluoride  (BaF,). 


c„  and  c„  for  NaF  from  room  temperature  to  500°C  and  c„  from  room 
temperature  to  800°C  have  been  evaluated  from  data  given  by  Nikaranov  and 
Stepanov  and  values  are  listed  in  table  4.”  Their  values  at  290°K  as  compared 
to  ours  are  c,,  =9.431,  9.40;  c„  =  2.038.  2.100;  c44  =  2.829,  2.848  (xl0“dynes/cmJ), 
which  is  very  good  agreement  indeed. 
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Elastic  constants  for  CaF2  and  SrF2  at  very  low  temperatures  are  given  in 
tables  5  and  6,  respectively.  Where  values  overlap  with  ours,  good  agreement  is 
found  except  for  Huffman  and  Norwood’s  values  of  c,2  for  CaF2,  which  are  about 
20  percent  higher.  However,  their  values  for  cl2  are  also  higher  than  those  of 
other  investigators.  The  upward  trend  in  the  magnitudes  of  the  constants  as  the 
temperature  is  lowered  continues  until  absolute  zero  is  approached,  a  region 
where  the  constants  change  very  little. 


TABLE  5.  ELASTIC  CONSTANTS  OF  CaF2  AT  LOW  TEMPERATURES. 


Temperature, 

degrees 

Kelvin 

Density 

P, 

g/cm‘ 

Elastic  Constants, 
10“  dynes/cm2 

Elastic 
Anisotropy 
Factor  A 

Adiabatic 

Compressibility 

P.* 

10*“  cmVdyne 

^  tl 

C12 

f'44 

4.2 

3.2107 

17.4 

5.6 

3.593 

0.61 

0.10 

20 

3.2107 

17.4 

5.4 

3.593 

0.60 

0.11 

40 

3.2106 

17.3 

5.5 

3.586 

0.61 

0.11 

60 

3.2102 

17.3 

5.3 

3.576 

0.60 

0.11 

80 

3.2094 

17.2 

5.3 

3.562 

0.60 

0.11 

100 

3.2081 

17.1 

5.4 

3.548 

0.61 

0.11 

120 

3.2063 

17.0 

5.3 

3.533 

0.60 

0.11 

140 

3.2042 

16.9 

5.5 

3.518 

0.62 

0.11 

160 

3.2017 

16.8 

5.1 

3.506 

0.62 

0.11 

180 

3.1991 

16.7 

o.5 

3.487 

0.62 

0.11 

200 

3.1962 

16.6 

5.7 

3.465 

0.64 

0.11 

220 

3.1931 

16.5 

5.6 

3.449 

0.63 

0.11 

240 

3.1898 

16.5 

5.6 

3.429 

0.63 

0.11 

260 

3.1864 

16.4 

5.7 

3.409 

0.64 

0.11 

280 

3.ia30 

16.4 

5.4 

3.390 

0.62 

0.11 

300 

3.1795 

16.4 

o.3 

3.370 

0.61 

0.11 
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TABLE  6.  ELASTIC  CONSTANTS  OF  SrF,  AT  LOW  TEMPERATURES. 


Temperature, 

degrees 

Kelvin 

Density 

P, 

g/cm’ 

Elastic  Constants, 
10“  dynes/cm2 

Elastic 
Anisotropy 
Factor  A 

Adiabatic 

Compressibility 

IV 

10'“  cmVdyne 

Cll 

£*12 

^44 

4.2 

4.321 

12.87 

4.748 

3.308 

0.818 

0.134 

20 

4.321 

12.88 

4.747 

3.308 

0.8)3 

0.134 

40 

4.320 

12.86 

4.736 

3.304 

0.813 

0.134 

60 

4.320 

12.85 

4.716 

3.297 

0.811 

0.135 

80 

4.319 

12.82 

4.695 

3.291 

0.810 

0.135 

100 

4.316 

12.79 

4.664 

3.280 

0.807 

0.136 

120 

4.314 

12.75 

4.626 

3.264 

0.804 

0.136 

140 

4.311 

12.71 

4.592 

3.250 

0.801 

0.137 

160 

4.308 

12.66 

4.554 

3.235 

0.798 

0.138 

180 

4.304 

12.62 

4.251 

3.219 

0.795 

0.138 

200 

4.300 

12.58 

4.485 

3.205 

0.792 

0.139 

220 

4.295 

12.53 

4.446 

3.191 

0.789 

0.140 

240 

4.290 

12.48 

4.410 

3.176 

0.787 

0.141 

260 

4.286 

12.44 

4.376 

3.161 

0.784 

0.142 

280 

4.281 

12.39 

4.342 

3.144 

0.781 

0.142 

300 

4.277 

12.35 

4.305 

3.128 

0.778 

0.143 

Adiabatic  Compressibility  ps 

Compressibilities  were  calculated  by  use  .>f  equation  (12)  and  are  given  in 
tables  3  to  6.  The  increase  in  magnitude  with  rise  in  temperature  is  small. 
Apparently  there  is  correlation  between  the  ratio  of  the  radii  of  the  cations  and 
the  fatio  of  the  compressibilities.  This  observation  is  illustrated  in  table  7  for 
crystals  at  300°K.  The  greater  the  radius  of  the  cation  or  RM++),  the 
greater  the  compressibility. 
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TABLE  7.  CORRELATION  BETWEEN  RATIO  OF 
COMPRESSIBILITIES  AND  RATIO  OF  RADII  OF 


CATIONS  AT  300°K. 

Crystal 

R«+/R  Li+ 

P/fW 

LiF 

1.00 

1.00 

NaF 

1.58 

1.35 

Crystal 

RM++/RCa++ 

P/PcuF, 

CaFj 

1.00 

1.00 

SrF, 

1.14 

1.16 

BaF, 

1.36 

1.41 

Anisotropy  Factor  A 

Values  of  this  constant  are  also  given  in  tables  3  to  6.  This  factor  rises 
with  temperature  for  LiF  and  NaF  hut  declines  with  temperature  for  the  other 
fluorides.  Only  for  LiF  and  BaF,  are  the  anisotropy  factors  greater  than  1. 

In  fact,  the  values  for  BaF,  are  so  nearly  unity  that  this  crystal  might  be  expected 
to  behave  very  much  like  an  isotropic  solid  under  certain  experimental  conditions. 
However,  the  Cauchy  relations  for  cubic  crystals  (c„  =  c44;  c„  =  3  c44)  do  not  hold 
for  any  of  these  fluorides. 


Thermoelastic  Constants 

Rate  of  change  of  elastic-stiffness  coefficients  with  temperature  can  best 
be  studied,  perhaps,  by  an  examination  of  the  thermoelastic  constants.  The 
thermoelastic  constant  t,j,  at  a  stated  temperature  /,  is  defined  by  the  relation* 

t •  j  -  d  log  Cjj/dl  =  (1/c-)  (dC'j/dt)  (13) 

Obviously  a  thermoelastic-constant-vcrsus-temperature  curve  can  be  deduced  from 
an  elastancc-versus-tempemture  curve  by  determining  the  slope  of  the  latter  at  a 
series  of  points.  Although  such  a  procedure  appears  to  be  sufficiently  straight¬ 
forward.  actually  it  is  not  always  easy  to  determine  accurately  the  slopes  of  such 
curves,  for  often  tin*  curvature  is  small.  For  example,  refer  to  the  elastance 
curves  for  NaF  in  figure  7. 

Corresponding  to  equations  (3>  and  (■!>.  respectively, 

t'  =  (t„  .  ru  ,  2r„)/2  (14) 

t”  -  t„) ‘2  (15) 
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Since  pt>loo2  =  c„ 

then  <2/i>,„)  (dvloa/dT>  +(1  /p)(dp/dT)  =  (l/c„)  <dcxl/dT)  (16) 

Tu 

Also,  since 

pt^ioo2  =  (cn  +  cn  +  2c44)/2  -  c'  (17) 

then  (2/e„0)  < dvlxo'dT >  +  (l/p>  ( dp/dT )  =  (I/O  ( dc'/dT )  (18) 

=  T' 


Equations  (16)  and  (18)  show  the  relation  of  the  velocity  and  density-temperature 
coefficients  to  the  corresponding  thermoelastances. 

(2/u„0)  (dvllo/dT)  4  (1/p)  (dp/dT) 

T“  (2/u,00)  (dvloo/dT)  +  (1/p)  (c/p/rfT) 

Over  a  small  temperature  range  in  which  the  change  in  density  can  be  ignored 


(1/e,,,)  (dvli0/dT)  _ 
(l/e,00)  (dul0</dT)  T 


(20) 


that  is,  t‘/t„  is  the  ratio  of  longitpdinal-velocity-temperature  coefficients  in  the 
[1101  and  (1001  directions. 

Values  for  the  thermoelastic  constants  t„,  t„,  and  t44  for  the  five  fluorides 
investigated,  over  the  temperature  range  100°  to  300°K.  were  deduced  from  the 
ela8tance-versus-temperature  curves  of  figures  6  to  10.  Plotted  points  in 
figures  11  to  15  indicate  values  of  the  corresponding  elastic-constant  curves  at 
which  the  slopes  were  determined.  These  figures  show  that: 


1.  Curves  for  LiF,  CaF,.  and  SrF,  are  roughly  linear  and  decline  with 
temperature  rise. 


2.  The  t„  and  t44  curves  for  NaF  show  maxima.  All  remaining  curves 
decline  monotonically  with  increase  in  temperature. 


3.  Values  of  t„  for  NaF  are  positive;  all  other  values  for  these  fluorides 
arc  negative. 


4.  The  order  of  the  constants  is  as  follows: 

UF:  t„<t„<t44; 

NaF:  t„  <  t44  <  tI2; 

CaF,:  <  t44  <  t„; 

SrF,  and  BaF,:  t44  <  t„  <  t„. 
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THERMOELASTIC  CONSTANT  t;;. 

THERMOELASTIC  CONSTANT  t y.  10‘VdEGREE  K 

io’Vdegree  K 


Figire  15.  Variation  of  the  thermoelastic  constants  Ttl,  t„.  and 
T«  of  barium  fluoride  ( BaFj)  with  temperature  in  degrees  Kelvin. 


Values  of  tu  and  t„  for  LiF  and  NaF  at  0°C  are  compared  with  those  of 
Haussiihl  in  table  8.*  His  value  of  tm  for  LiF  is  omitted,  since  he  states  that  it 
is  uncertain  because  of  the  small  experimentally  measured  value.  Also,  the  sign 
of  the  constant  could  not  be  determined.  Table  8  shows  that  results  are  in  fair 
agreement  When  the  difficulties  in  deducing  the  thermoelastances  are  considered, 
the  results  agree  about  as  well  as  can  be  expected. 


TABLE  8.  COMPARISON  OF  VALUES  OF  THERMOELASTANCES 
FOR  LiF  AND  NaF  AT  0°C. 


Crystal 

T“  i 

Tu 

T« 

Source 

10'Vdegrec  K 

LiF 

-6.6 

— 

-2.8 

Hausstihl* 

-6.79 

-7.5 

-2.22 

this  work 

NaF 

-6.37 

1.8 

-2.1 

Haussuhl* 

-6.84 

3.09 

-2.91 

this  work 
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Further  conclusions  concerning  the  elastsiices  can  be  drawn  front  the  data 
«>f  talile  9  at  the  Kelvin  temperatures  of  130°.  200°.  and  273°.  r,t.  tj2.  and  t4, 
am*  taken  from  the  curves  of  figures  11  to  15:  t\  t*\  and  t*/t„  were  calculated 
bv  use*  of  equations  (14)  and  (15). 

I.  t„  depends  mainly  on  ionic  arrangement  and  very  little  or  not  at  all 
on  the  radius  of  the  cation.  At  any  one  of  the  given  temperatures,  marked  changes 
in  numerical  value  occur  only  on  passing  from  the  NaCI  type  of  structure  to  the 
fluorite*  type. 

2.  r,.  depends  markedly  on  the  radius  of  the  cation.  Not  only  are  the 
numerical  values  for  LiF  and  NaF  very  different,  but  values  for  LiF  are  positive, 
whereas  those  for  NaF  are  negative. 

3.  tends  to  be  a  little  higher  numerically  for  the  fluorite  type  of 
structure  than  for  the  NaCI  type. 

4.  t*  tends  to  rise  numerically  with  rise  in  temperature. 

5.  t'/tu  varies  ftom  one  fluoride  to  the  nest  but  appears  n^.  to  be 
temperature  dependent. 


The  focusing  tube  for  the  X-ray  beam  had  a  single  0.5-mm  pinhole.  Film- 
to-specimen  distance  was  3.0  cm.  A  filter  of  10-mil  aluminum  sheet,  2  inches  in 
diameter,  was  placed  at  the  center  of  the  flat-plate  camera  to  reduce  fogging  by 
scattered  radiation.  Blackening  of  weaker  outer  spots  was  reduced  too  severely 
if  the  filter  was  placed  entirely  over  the  film. 

The  procedure  was  first  to  mark  each  crystal  on  its  cylindrical  surface 
with  two  fiducial  lines  parallel  to  the  axis  of  this  surface  and  spaced  180°  apart. 
Tlie  crystal  could  then  be  oriented  in  a  specimen  holder  so  that  the  plane  of  the 
fiducial  lines  was  horizontal.  Figure  Ai  shows  the  holder  employed  with  a 
crystal  in  place  for  diffraction.  A  screw  holds  the  crystal,  which  rests  in  a 
cylindrical  trough,  firmly  in  position.  Mounted  on  the  front  of  the  holder  is  a 
linear  piece  of  phosphor-bronze  wire,  which  is  parallel  to  the  plane  of  the  fiducial 
lines  marked  on  the  crystal.  On  exposure  to  X-rays  this  wire  casts  a  shadow  on 
the  film  which  indicates  the  orientation  of  the  crystal  with  respect  to  the  diffraction 
pattern.  A  representative  Laue  back-reflection  photograph  is  shown  in  figure  A2. 

Back-reflection  diagrams  were  taken  of  both  faces  of  each  specimen  to 
determine  not  oniy  orientation  but  also  whether  these  faces  were  plane-parallel 
and  whether  the  crystal  was  a  single  one.  If  a  specimen  is  a  single  crystal  and 
the  faces  are  plane-parallel,  then  the  back-reflection  diagrams  from  the  faces  will 
be  identical  provided  the  orientation  in  the  crystal  holder  is  the  same  in  both  cases 
Patterns  were  analyzed  by  means  of  a  Grenginger  chart  and  a  Wulff  stereographic 
net  as  described  in  the  literature. 1,  20  Crystals  showing  misalignment  greater 
than  t2°  between  cylinder  axis  and  specified  crystallographic  direction  were 
machined  to  the  predetermined  correction  and  again  tested. 

For  orientation  purposes  the  X-axis  of  all  Y-cut  quartz  transducers  was 
marked  on  one  of  the  plated  faces  of  these  crystals  by  a  diametrical  line.  Since 
the  positions  of  the  crystallographic  axes  in  the  fluoride  crystals  had  been 
determined  from  X-ray  photographs,  it  was  then  possible  to  orient  the  transducer 
conectly  when  necessary  for  mounting  on  the  crystal  face.  As  previously  men¬ 
tioned,  this  is  required  only  when  the  direction  of  propagath"  of  the  plane- 
polarized  transverse  wave  is  in  the  [1101  direction.  For  determination  of 
velocity  v2.  the  X-axis  of  the  transducer  must  be  parallel  to  the  [110]  direction, 
and  for  determination  of  velocity  u,,  parallel  to  the  [001 1  direction. 


Figure  Al.  Specimen  holder  for  l.auc  buck-reflection  X-rny  diffrnction. 
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Polishing  Technique 

X-ray  investigation  by  the  method  described  showed  that  some  of  the 
crystals  deviated  more  than  the  permissible  ±2°  from  coincidence  of  the  cylinder 
and  crystallographic  axes.  The  angle  0  of  the  correction,  which  is  the  angle 
between  the  cylinder  axis  and  the  crystallographic  axis,  as  determined  by  the 
back-reflection  technique,  is  related  to  the  correction  A  by 

A=  D  tan  0  (21) 

where  D  is  the  diameter  of  the  crystal. 

Crystals  to  be  corrected  were  properly  oriented,  and  the  distance  was 
marked  back  from  the  face  on  the  cylindrical  surface  at  the  point  at  which  the 
maximum  dimensional  change  was  to  be  made.  Usually  both  faces  of  such  crystals 
needed  correction.  Faces  also  had  to  be  rendered  plane-parallel.  If  the  required 
correction  was  small,  it  was  made  by  hand,  with  number-400  silicon  carbide 
paper  on  a  glass  plate.  As  polishing  proceeded,  the  progress  of  the  work  was 
checked  on  a  dial  indicator. 

When  larger  corrections  were  necessary,  the  crystal  was  placed  in  a 
special  holder,  then  locked  in  a  precision  indexing  head  clamped  to  a  drill  press, 
and  polished  with  a  sanding  disk  mounted  in  the  chuck.  The  faces  of  the  holder 
were  accurately  parallel  and  the  edges  of  the  hole  in  which  the  crystal  was  fixed 
were  perpendicular  to  the  faces.  The  correction  angle  was  set  on  the  indexing 
head,  the  crystal  having  been  correctly  oriented.  Finishing  touches  to  the  crystal 
were  made  by  the  first  method. 


Coupling  Cements 

No  one  cement  was  found  suitable  for  binding  quartz  transducers  to  fluoride 
crystals  over  the  entire  range  from  liquid-nitrogen  temperatures  to  room  temperature. 
A  number  of  oils,  greases,  low-molecular-weight  alcohols,  esters,  etc.,  were  tested 
for  possible  use  as  coupling  cements.  The  range  of  usefulness  of  a  substance  as 
a  bonding  material  was  indicated  by  the  appearance  of  the  signal  on  the  oscillo¬ 
scope  screen  as  the  temperature  was  lowered,  and  the  subsequent  disappearance 
of  the  signal  at  a  still  lower  temperature.  However,  some  substances  retained 
their  usefulness  as  bonds  down  to  the  lowest  temperature  at  which  measurements 
were  made,  -178°C. 

The  range  of  a  cement  for  a  given  kind  of  crystal  was  somewhat  dependent 
on  whether  the  transducers  were  X-eut  or  Y-cut. 

The  substances  which  proved  most  suitable  were  used  subsequently  in  the 
work.  The  approximate  temperature  ranges  over  which  they  are  applicable  are 
given  below: 


1.2  Propane  diol 
Methyl  salicylate 
Phenyl  salicylate 


-175°  to  -115°C 
-115°  to  -25°C 
-2.Y’  to  +35°C 


If  transit-time-versus-temperature  data  are  taken  for  different  lengths  of 
crystal  of  the  same  type,  the  magnitudes  of  the  observed  velocities  are  not  the 
same.  TTiis  is  the  result  of  coupling-cement-transducer  interference  effects  which 
are  proportionately  greater  the  shorter  the  crystal.  The  latter  observation  can  be 
used  to  determine  the  required  correction  to  the  delay  time,  provided  it  is  assumed 
that  the  absolute  value  of  the  correction  is  the  same,  irrespective  of  crystal  length. 
It  appears  that  this  assumption  is  valid,  provided  that  the  faces  of  the  crystals 
have  been  polished  to  the  same  degree,  for  it  was  found  that  for  any  gi\en  crystal 
the  measured  velocity  was  reproducible  within  the  limits  of  experimental  error. 

This  means  that  the  technique  employed  for  forming  the  bonds  yields  concordant 
results. 

If  it  is  assumed  that  correction  in  delay  time  is  independent  of  crystal 
length,  the  following  procedure  can  be  employed  for  determining  the  correction 
time  tc.  tc  is  that  transit  time  which,  when  subtracted  from  the  measured  transit 
time,  yields  the  actual  delay  time  for  the  specimen.  Let  ft  and  f,  be  the  lengths 
of  two  crystals  of  the  same  type  where  f,  >  P2.  tIm.  and  t2m  are  the  corresponding 
measured  transit  times,  and  t,  and  t}  are  the  time-delay  times. 

By  assumption,  then 


and 


'.-'im-'o 


=  l2m  ~  ‘c 


By  measurement  i\  =  vt. 


t’j  =  =  f2  //tt‘2m  ~  ,c) 


so  that 


(22) 

(23) 


(24) 

(25) 


'e  = 


2m 


(  -f 

‘j  ‘i 


(26) 


and 


f  -f 

V  -  li  *» 


1  m 


(27) 


Three  or  more  lengths  of  crystal  should  be  used  when  this  method  is 
applied,  and  the  results  for  different  pairs  compared.  If  the  correction  is  found  to 
be  within  the  limits  of  experimental  error,  it  can  be  neglected. 

By  way  of  example,  studies  on  calcium  fluoride  crystals  showed  that  the 
measured  delay  time  was  0.2  percent  too  high. 


Temperature  Measurement 

A  copper-constantan  thermocouple,  with  reference  junction  at  the  ice  point, 
was  used  for  determining  the  temperature  of  the  fluoride  crystal  during  the  period 
in  which  sound-velocity  measurements  were  made.  Thermocouples  were  formed  by 
heli-arc  welding;  those  fabricated  by  other  methods  failed  to  yield  reproducible 
results.  The  low-temperature  junction  was  soft-soldered  to  one  end  of  a  strip  of 
silver  foil.  The  strip  was  wrapped  around  the  middle  of  the  crystal  one  and 
one  half  times  with  the  thermocouple  inside  and  then  taped  onto  the  crystal. 

Since  the  foil  was  also  used  as  a  grounding  electrode,  one  lead  of  the  thermocouple 
was  grounded  to  the  pulse-generating  equipment. 

Investigation  showed  that  in  the  neighborhood  of  -160°C  the  temperature 
gradient  along  a  1-inch  crystal  was  about  1.5°.  When  the  experimental  method 
employed  is  considered,  some  difference  in  the  temperature  of  the  crystal  is  to  be 
expected  before  and  after  the  transit  time  is  determined  on  the  oscilloscope. 
However,  in  no  case  did  this  difference  exceed  0.5°C. 


Possible  Sources  Of  Error 

Error  in  velocity  determination  is  given  by  the  following  expression: 

($f  <28» 

wher  ;  dv,  dl,  and  dt  are  the  absolute  errors  in  the  measurement  of  velocity, 
transit  time,  and  sample  length,  respectively.  Since  v  =  f/t 

(dv)1  =  (dt)2  +  f*  (df)1  (29) 

The  above  equation  is  used  to  determine  the  absolute  error  in  v.  and  the 
percentage  error  is  then  given  by  100  (dv/v). 

Possible  sources  of  error  were  as  follows: 

1.  Instrumentation  errors.  According  to  Huntington,  the  use  of  ultrasonic 
pulses  to  determine  sound  velocity  in  a  material  and  thus  the  elastic  constant 
yields  an  internal  accuracy  generally  of  about  1  percent.1  At  present  the  technique 
appears  to  be  the  simplest  and  most  accurate  for  general  work.  The  chief  error 
lies  in  the  determination  of  the  delay  time.  In  this  study  it  was  found  that  repeated 
determinations  of  delay  time  for  given  experimental  conditions  lay  within  r0.2  percent. 

2.  Deviation  of  the  cylinder  axis  from  the  specified  crystallographic 
direction.  This  possible  source  of  error  was  largely  eliminated  by  employing 
X-ray  alignment  technique  and  later  machining  the  crystal  to  correspondence  when 
necessary. 


3.  Thickness  of  bonding  cements  holding  transducers  to  crystals. 
Investigation  indicated  that  this  source  of  error  was  small  and  that  it  lay  within 
the  experimental  error  of  the  velocity  determination. 

Roughly,  the  overall  etTor  in  the  determination  of  values  of  cu  and  c„  was 
estimated  to  be  about  +2  percent,  and  in  the  determination  of  the  value  of  c„  about 
±7  percent. 
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